To further characterise a possible link between the PAO/phyllobilin pathway and JA 2 9 5 signalling, we computed the genome-wide expression data for all four lines studied 2 9 6 and tried to decipher co-expression patterns underpinning relevant gene networks. 2 9
7
The basic assumption being that genes that show a similar pattern of expression 2 9 8 during DET and/or in various genetic backgrounds could be involved in a similar 2 9 9 process and most probably share similar regulating pathways. We used Weighted 3 0 0 Genome Co-expression Network Analysis (WGCNA) (Zhao et al., 2010) to perform 3 0 1 comparative analysis of gene co-expressed modules among darkness treatment in all 3 0 2 four lines. Genes were clustered in 16 co-expression modules, each harbouring 3 0 3 genes that generally showed a similar pattern of expression across genetic 3 0 4 background and treatment (Fig. 6A, Supplemental Fig. S2 ). Three modules (blue, 3 0 5 1 0 pink and yellow) were highly correlated with the darkness treatment. The pink and 3 0 6 yellow modules contained genes that showed consistent changes expression during 3 0 7 dark incubation in all four lines, but not the blue motif that did not correlate to pao1 3 0 8 after 2 dd (Fig. 6B ). Modules were subsequently characterised using GO term 3 0 9 enrichment ( Fig. 6B & Supplemental Dataset 6). All three motives were enriched in 3 1 0 terms related to mRNA catabolic process, fatty acid catabolism, senescence and 3 1 1 autophagy (Supplemental Dataset 6). Red, black and green modules that mostly 3 1 2 correlated with pao1 after dark incubation were enriched in terms representing 3 1
3 various responses to stress as well as hormonal response (namely ET, JA and ABA 3 1 4 responses, Supplemental Dataset 6). Interestingly, PPH is the hub gene. i.e. the 3 1 5 most highly connected gene in this module (Langfelder and Horvath, 2008) , of the 3 1 6 blue module that contains most CCGs (PAO, CYP89A9, PPH, NYE2) ( Fig. 6C ). This 3 1 7 module may gather conserved elements of the response to darkness. Finally, 3 1 8 networks of genes neighbouring expression for CCGs and known transcriptional 3 1 9 regulators of the PAO/phyllobilin pathway (as in Fig. 4 ) were extracted and their 3 2 0 respective position in the networks visualised ( Fig. 6C , for the sake of clarity, only the 3 2 1 three most correlated genes are shown here). Surprisingly, not all CCGs were co-3 2 2 expressed in a unique cluster, and not necessarily with the predicted pathway, they 3 2 3 were shown to interact with ( Fig. 6C ). For example, MYC2/3/4 and JAZ genes were 3 2 4 scattered across various modules, whereas genes involved in ethylene signalling 3 2 5 (EIN2, EIN3 and ERF17) were mostly grouped within the blue module. As shown 3 2 6 before (Hickman et al., 2017) , differences in the networks of JA-related genes may 3 2 7 be explained by the interplay between several factors that are linked to the treatment 3 2 8 and genotypes used here and that are thus represented in these data, i.e. dark 3 2 9 treatment, pheide a and JA. 3 3 0
Validation of the clustering approach can be seen, for example, by the fact that 3 3 1 NAC019, NAC055 and NAC072, clustering closely together, have already been 3 3 2 shown to be homologs (Zheng et al., 2012) . Similarly, ORE1 and ANAC046 are 3 3 3 closely related, but act in distinct clusters, suggesting a distinct regulation mechanism 3 3 4 as shown recently (Park et al., 2018) . The WGCNA approach can also be a fruitful 3 The pao1 mutant has originally been identified in a screen for lines that show 3 5 7 abnormal response to pathogens by accelerated severe cell death (Greenberg and 3 5 8 Ausubel, 1993). The basis of this light-dependent cell death phenotype is relatively 3 5 9 well understood (Yang et al., 2004; Pružinská et al., 2005) . Pheide a phototoxicity is 3 6 0 even observable in mammalian systems (Jonker et al., 2002) . However, another 3 6 1 peculiar feature of pao1 is a light-independent cell death phenotype, whose 3 6 2 underlying molecular basis is still unclear (Hirashima et al., 2009) ( Fig. 1C ). Two 3 6
3 hypotheses were proposed to explain cell death caused by pheide a accumulation in 3 6 4 the dark: it may act directly on chloroplast membrane integrity (via lipid peroxidation 3 6 5 or increased oxidative stress levels) or it may itself be a signalling molecule 3 6 6 regulating cell death. The acd2-2 mutant that is deficient in the next committed step 3 1 a seem to be characterised by enhanced gene expression of most of the genes from 3 9 2 JA synthesis and signalling pathways, as well as by an increase in JA and many of its 3 9 3 derivatives. One common feature among the CCG mutant lines studied here is the 3 9 4 variation of levels/flux of pheide a: lower amounts in nye1-1/pph-1 (formation blocked 3 9 5 by up-stream mutations) vs. higher amounts (further degradation blocked) in pao1. 3 9
6
We propose a model, in which the quantity of pheide a that accumulates in/flows 3 9 7 through the PAO/phyllobilin pathway at a defined time may act as a signal that 3 9 8 triggers a specific JA response ( Fig. 7 WGCNA was used to identify modules gathering genes showing similar pattern of 5 1 7 expression across all conditions (Langfelder and Horvath, 2008) . Genes below 50 5 1 8 mean read count were excluded, leaving 14,691 genes in the analysis. An unsigned 5 1 9 network was constructed from a signed topological overlap matrix and module 5 2 0 detection was performed using the default deepSplit setting of 2. In order to visualize 5 2 1 the direct subset of genes co-regulated with CCG and selected regulatory gene 5 2 2 candidates, subnetworks were generated and visualized using VisANT 5.51 (Hu et  5  2  3 al., 2007). In order to evaluate the extent to which expression of genes involved in 5 2 4 the regulation of the PAO/phyllobilin pathway (all present in Fig. 4 ) were linked to 5 2 5 CCE genes, subnetworks containing either of these genes (CCGs and regulators) 5 2 6 were extracted from the WGCNA networks and the three most connected genes for 5 2 7 each gene were displayed (Fig. 6C ). Larger nodes show the input genes and smaller 5 2 8 nodes the top three connected genes for each input gene. Edges represent 5 2 9 connection between the genes and node colors represent the modules in which the 5 3 0 genes clustered. (v/v) formic acid] was run at a flow rate of 0.3 mL min −1 : 5% B for 0.5 min, 5% B to 5 5 1 100% B in 11.5 min, 100% B for 4 min, 100% B to 5% B in 1 min and 5% B for 1 min. 5 5
2 Pheide a and phyllobilins were quantified from extracted ion chromatograms as 5 5
3 relative peak areas using QuantAnalysis (Bruker Daltonics). 1 standards. After vortexing, 2.5 mL of methyl-tert-butyl ether (MTBE) were added and 5 6 2 the extract was shaken for 1 h at room temperature. For phase separation, 0.6 mL 5 6 3 H 2 O were added. The mixture was incubated for 10 min at room temperature and 5 6 4 centrifuged at 450 g for 15 min. The upper phase was collected and the lower phase 5 6 5 re-extracted with 0.7 mL methanol/water (3:2.5, v/v) and 1.3 mL MTBE as described 5 6 6 above. The combined upper phases were dried under streaming nitrogen and re-5 6 7 suspended in 100 μ L of acetonitrile/water (1:4, v/v) containing 0.3 mM NH 4 COOH 5 6 8 (adjusted to pH 3.5 with formic acid). 5 6 9
Reversed phase separation of constituents was achieved by LC using an ACQUITY 5 7 0 UPLC system (Waters) equipped with an ACQUITY UPLC HSS T3 column (100 mm 5 7 1
x 1 mm, 1.8 µm; Waters). Aliquots of 10 µL were injected. Elution was adapted from 5 7 2 a published procedure (Balcke et al., 2012) . Solvent A and B were water and 5 7 3 acetonitrile/water (9:1, v/v), respectively, both containing 0.3 mM NH 4 COOH 5 7 4 (adjusted to pH 3.5 with formic acid). The flow rate was 0.16 mL min -1 and the 5 7 5 separation temperature held at 40°C. Elution was performed with two different binary 5 7 6 1 8
gradients. Elution profile 1 was as follows: 10% B for 0.5 min, to 40% B in 1.5 min, 5 7 7 40% B for 2 min, to 95% B in 1 min, 95% B for 2.5 min; elution profile 2: 10% B for 5 7 8 0.5 min, to 95% B in 5 min, 95% B for 2.5 min. In both elution profiles, the column 5 7
9 was re-equilibrated in 10% B in 3 min. 5 8 0 Nano-electrospray ionization (nanoESI) analysis was achieved using a chip ion 5 8 1 source (TriVersa Nanomate; Advion BioSciences, Ithaca, NY, USA). For stable 5 8 2 nanoESI, 70 µL min -1 of 2-propanol/acetonitrile/water (7:2:1, v/v/v) containing 0.3 mM 5 8
3 NH 4 COOH (adjusted to pH 3.5 with formic acid) delivered by a Pharmacia 2248 5 8 4 HPLC pump (GE Healthcare, Munich, Germany) were added just after the column via 5 8 5 a mixing tee valve. By using another post column splitter, 502 nL min -1 of the eluent 5 8 6 were directed to the nanoESI chip with 5 µm internal diameter nozzles. Jasmonates 5 8 3 0 Heat maps represent log2 (fold change) of gene expression in each of the four studied lines during dark-induced senescence. Genes/enzymes: CAO, chlorophyll a oxygenase; CHLG, chlorophyll synthase; CYP89A9, cytochrome P450 monooxygenase 89A9; HCAR, 7-hydroxymethyl chlorophyll a reductase; MES16, methylesterase 16; NYC1, non-yellow coloring 1 (chlorophyll b reductase); NYE1, non yellowing 1 (magnesium dechelatase); NYE2, non yellowing 2; PAO, pheophorbide a oxygenase; PPH, pheophy nase; RCCR, RCC reductase; TIC55, translocon at the inner chloroplast envelope 55. Phyllobilins: DNCC, dioxobilin-type NCC; NCC, non-fluorescent chlorophyll catabolite; pFCC, primary fluorescent chlorophyll catabolite; RCC, red chlorophyll catabolite.
WT
pph-1 nye1-1 pao1 NAC, NAM, ATAF1/2 and CUC2 domain protein; NAP, NAC-like, ac vated by PA3/PI; EIN, ethylene insensi ve; ELF3, early flowering 3; PIF, phytochrome interac ng factor; SOC1, suppressor of overexpression of coi1; ERF17, ethylene response factor; ORE1, oresara 1; EEL, enhance em level ; ABI5, ABA insensi ve 5; ABF, ABA-responsive element binding factor; SnRK2, serine/threonine kinase 2; PYL9, pyrabac n resistance 1-like 9.
Figure 5. Jasmonic acid metabolism during dark-induced senescence in WT and pao1. Levels of JA and JA-related metabolites in grey (0 dd) and black (2 dd) for WT and pao1 are shown as histograms. Expression levels are shown using heat maps of log 2 (fold change). Genes/enzymes: DAD1, delayed anther dehiscence 1; LOX2, 13-lipoxygenase 2; AOS, allene oxide synthase; AOC, allene oxide cyclase; OPR3, OPDA reductase 3; IAR3, IAA-alanine resistant 3; JMT, jasmonate methyltransferase; JAR1, JA-amino acid synthetase 1; JOX, JA-induced oxygenase; CYP, cytochrome P450 monooxygenase; ST2A, sulfotransferase 2. Metabolites: OPDA, 12-oxo-phytodienoic acid; OPC 3-oxo-2-cis-2-pentenyl cyclopentyl-octanoic acid; JA-CoA, jasmonate-coenzyme A. Asterisks indicate significant differences (p < 0.05). Fig. 4) , smaller nodes were limited to the top 3 most connected genes for each input gene, the edges represent connec ons between the genes. Node colours represent the module in which the genes clustered during WGCNA analysis. Among the few genes differen ally expressed in nye1-1 and pph-1, JAZ genes were downregulated compared to WT. On the other hand, in pao1, JA biosynthesis and signalling genes as well as some JA bioac ve deriva ves were induced.
